Abstract Introduction Low birth weight has been associated with an increased risk of hypertension in children. Less clear is whether high birth weight is also associated with risk. We evaluated overall and age-specific risks of primary hypertension in children and young adults associated with birth weight and birth weight for gestational age. Methods We conducted a population-based casecontrol study using linked Washington State birth certificate and hospital discharge data from 1987 to 2003. Cases were persons hospitalized with primary hypertension at 8-24 years of age (n = 533). Controls were randomly selected among those born in the same years who were not hospitalized with hypertension (n = 25,966). Results Birth weight was not related to risk of primary hypertension overall, except for a suggestion of an increased risk associated with birth weight C4500 g relative to 3500-3999 g (odds ratio (OR) 1.55; 95 % confidence interval (CI) 0.96-2.49). Compared to children born appropriate weight for gestational age, those born small (SGA) (OR 1.32; 95 % CI 1.02-1.71) and large for gestational age (LGA) (OR 1.30; 95 % CI 1.00-1.71) had increased risks of primary hypertension. These overall associations were due to increased risks of hypertension at 15-24 years of age; no associations were observed with risk at 8-14 years of age. Discussion In this study, both SGA and LGA were associated with increased risks of primary hypertension. Our findings suggest a possible nonlinear (U-shaped) association between birth weight for gestational age and primary hypertension risk in children and young adults.
Introduction
The prevalence of high blood pressure among children in the U.S. has been increasing [24] . National Health and Nutrition Examination Survey data from 1988-1994 and 1999-2008 indicate that, among children 8-17 years of age, high blood pressure increased from 16 to 19 % in boys and 8 to 13 % in girls [24] . High blood pressure in childhood has been associated with cardiovascular disease risk factors in adulthood including high blood pressure, carotid intima media thickness, and microalbuminuria [27] . Epidemiologic studies have reported an increased risk of childhood-onset primary (essential) hypertension in low birth weight infants [6, 13, 19, 33] , possibly due to alterations in their renal or vascular systems related to reduced growth in utero [2, 6, 11, 14, 20] . Less clear however, is whether high birth weight, which may have long-term adverse metabolic effects, such as insulin resistance [5, 16] , is also a risk factor for the development of primary hypertension in childhood [6] .
Low birth weight has been linked to the development of hypertension in adults, and a number of other chronic conditions including coronary heart disease, type 2 diabetes mellitus, and breast cancer [25] . Results have been more mixed for an association between high birth weight and the development of chronic conditions in adults, such as hypertension and coronary heart disease [22] .
We used linked Washington State birth certificate and hospital discharge data from 1987 to 2003 to evaluate overall and age-specific primary hypertension risks in children and young adults associated with birth weight and birth weight for gestational age.
Methods
Human Subjects Protection Committee approval was obtained prior to the conduct of this study.
Case Identification and Control Selection
We conducted a case-control study using linked Washington State birth certificate and hospital discharge records. We ascertained all infants born in Washington State during 1987-2011 who were subsequently hospitalized during this same period in a non-government hospital in Washington State with an International Classification of Diseases, Ninth Revision [ICD-9] code (Online Resource 1) indicating a diagnosis of any hypertension (ICD-9 401.x-405.x, 416.0, 459.3x and 642.x) (n = 3203). When a person had [1 hospitalization with any of these codes, only the record from the first (index) hospitalization was used. The controls were drawn from all remaining infants born during 1987-2011, randomly sampled and frequency matched by birth year in a 10:1 control:case ratio (n = 32,030).
For the present analysis we sought to restrict our case group to persons with primary hypertension, and thus we excluded all those who did not have a diagnosis of primary hypertension at the index hospitalization (n = 1910), leaving 1293 cases. We additionally excluded those whose index hospitalization included a concurrent diagnosis of pregnancy-associated hypertension (n = 15) or secondary hypertension (n = 4) and those whose index hospitalization occurred before 8 years of age (n = 666). We set this age limit because hypertension in children \8 years of age is much more likely to be secondary than primary [9, 30] and we wanted to reduce the likelihood that our cases included children with secondary hypertension who had been misclassified in the administrative data. After applying these exclusions, 612 cases born during 1987-2003 remained. All controls born after 2003 (n = 3390) were excluded, leaving 28,640 controls.
We additionally excluded cases and controls diagnosed at birth with a condition that may be a cause of secondary hypertension in children [32] : congenital anomaly (ICD-9 and the birth certificate check box [62 cases/1607 controls]), diseases of the genitourinary system (0 cases/9 controls); endocrine, nutritional or metabolic disease or immunity disorder (0 cases/3 controls), polycythemia (0 cases/27 controls); and chronic respiratory disease arising in the perinatal period (1 case/19 controls). No case or control had a diagnosis at birth for any of the following potential causes of secondary hypertension [32] : a circulatory system disease, musculoskeletal system or connective tissue disease, nervous system or sense organ disease, or neoplasm. Finally, we excluded cases and controls who were missing information on birth weight (1/612 cases, 88/28,640 controls), birth weight for gestational age (19/ 612 cases, 1012/28,640 controls) or maternal age (0/612 cases, 82/28,640 controls), leaving 533 cases and 25,966 controls for analysis.
Exposure and Covariate Ascertainment
Birth weight (grams) and gestational age (weeks) were ascertained from the birth certificate. Birth weight was categorized as\2500, 2500-2999, 3000-3499, 3500-3999, and C4000 (or 4000-4499 and C4500) grams. To compute birth weight for gestational age, the distribution of birth weight was determined for each week of gestational age among all Washington State births during 1989-2009 [29] . Infants in the B10th percentile of birth weight given their gestational age were considered to be small for gestational age (SGA), those in the C90th percentile to be large for gestational age (LGA), and the remainder were considered to be appropriate for gestational age (AGA) [29] .
The following maternal characteristics were ascertained from the birth certificate: age at delivery, race/ethnicity, marital status, years of education (for deliveries since 1992; 52 % of the study population), health insurance status (Medicaid/private), parity, pregnancy weight gain (for deliveries since 1989; 80 % of the study population), prepregnancy weight (for deliveries since 1992), and smoking during pregnancy. Maternal and paternal occupation information was also available, and urban/rural residence was calculated based on the maternal residential location at delivery. Information on maternal diabetes (pregestational and gestational) and hypertension (chronic, preeclampsia or eclampsia, and gestational) during pregnancy was ascertained from both the birth certificate and the hospital discharge record for the delivery hospitalization. We considered each condition to be present during the pregnancy if it was indicated on the birth certificate or delivery hospitalization discharge records as the sensitivity of ascertainment of maternal conditions during pregnancy is improved when both sources are used [15] .
Neonatal characteristics, ascertained from the birth certificate, included year of birth, gestational age at delivery (based on clinical estimate when available [79 % of subjects] or last menstrual period), sex, and race/ethnicity.
Analysis
Descriptive statistics were conducted to examine data quality and missing values. Unconditional logistic regression was used to estimate odds ratios (OR) and 95 % confidence intervals (CI) for the associations of primary hypertension (yes/no) with categories of birth weight (reference category 3500-3999 g), and of birth weight for gestational age (reference category AGA). Because hypertension is more likely to be secondary to an identified underlying disease (i.e. secondary hypertension) in prepubescent children [9, 30] , and because we relied on ICD-9 codes alone to distinguish primary from secondary hypertension, the specificity with which we ascertained case status may have been less in younger children. Therefore, we also evaluated age-specific risks (8-14 and 15-24 years of age at the index hospitalization) associated with weight at birth.
All ORs were adjusted for birth year and maternal age. We additionally adjusted for those variables that changed the ORs by 10 % or greater in any analysis (overall and age-specific) among the following (in order and categorized as shown in Table 1 unless otherwise indicated): maternal marital status at delivery, race/ethnicity, urban/ rural residence, Medicaid/non-private health insurance, parity, smoking during pregnancy, diabetes, hypertensive disorder, pregnancy weight gain; and infant sex, and maternal-infant race/ethnicity discordance (whether the infant's race/ethnicity [Hispanic, white, black, Asian/ Pacific islander, and all others] was discordant from that reported for the mother). Gestational age was also considered in analyses of birth weight. Only gestational age, maternal hypertensive disorder, and infant sex met our criterion for confounding and only in the analysis of birth weight. To have comparability in adjustment factors across both exposures, we also adjusted for maternal hypertensive disorder and infant sex in the analysis of birth weight for gestational age.
We evaluated whether infant sex was a potential effect modifier of the associations between primary hypertension risk and birth weight and birth weight for gestational age. We computed sex-specific adjusted risk estimates and tested whether an interaction term was significant (P \ 0.05) using the likelihood ratio test, where the interaction term was the product of birth weight or birth weight for gestational age, coded as an ordinal variable, and infant sex coded as a dummy variable.
Several sensitivity analyses were conducted to assess the robustness of our findings. We evaluated whether maternal education level and prepregnancy weight-available only for those born since 1992-were confounders in the subset of the study population for whom information was available. In addition, because information on whether a study subject was hospitalized outside of Washington State after birth was not available, we conducted a subanalysis in which we excluded subjects whose mother or father had a military occupation at the time of their birth or whose mother was \18 years old at delivery. We additionally evaluated age-specific risk of hypertension in children 15-18 years of age.
Finally, because we did not have complete information on severity of maternal diabetes or hypertension, we conducted an analysis restricted to subjects born at term (37 to \42 weeks of gestation) to a mother without diabetes or hypertension during her pregnancy.
All statistical tests were 2-sided and a P value \ 0.05 was considered statistically significant. Analyses were conducted using Stata/MP 12.1 (StataCorp LP, College Station, Texas).
Results
The largest proportion of cases (46 %) were first hospitalized with an ICD-9 code for primary hypertension at 8-14 years of age; 39 % were first hospitalized at 15-19 years and 15 % at 20-24 years old (data not shown). Cases were more likely than controls to be male (66 vs 51 %) ( Table 1 ). The distributions of gestational age at delivery and maternal-infant race/ethnicity discordance were similar between cases and controls. The distributions of maternal age, residence (rural vs urban), parity, pregnancy weight gain, and smoking status during pregnancy were also similar between cases and controls. However, cases were more likely to have a non-white mother or a mother with less education or Medicaid/non-private health insurance, or a greater prepregnancy weight. Mothers of cases were also more likely to have diabetes or a hypertensive disorder during pregnancy. There was no association between birth weight category and risk of primary hypertension overall, except for a suggestion of an increased risk with birth weight C4500 g relative to 3500-3999 g (OR 1.55; 95 % CI 0.96-2.49) ( Table 2 ). Both SGA and LGA were associated with modest a Cases and controls were first classified according to whether or not their mother had chronic hypertension during her pregnancy. All those whose mother did not have chronic hypertension during her pregnancy were then classified according to whether or not their mother had preeclampsia or eclampsia during her pregnancy. Finally, all those whose mother did not have preeclampsia or eclampsia during her pregnancy were classified according to whether or not their mother had a diagnosis of gestational hypertension (modified from Savitz et al.) [26] increases in overall risk compared to AGA (OR for SGA 1.32; 95 % CI 1.02-1.71 and OR for LGA 1.30; 95 % CI 1.00-1.71). In age-specific analyses, neither birth weight nor birth weight for gestational age were associated with risk of primary hypertension at 8-14 years of age (Table 3) . However, birth weight C4000 g was associated with an increased risk of primary hypertension at 15-24 years of age (OR 1.63; 95 % CI 1.15-2.29) (Table 4 ). Both SGA (OR 1.56; 95 % CI 1.12-2.17) and LGA (OR 1.79; 95 % CI 1.29-2.50) were associated with increased risks of hypertension at 15-24 years of age (Table 4) . The ORs did not vary markedly when stratified by infant sex (data not shown) and none of the P values for an interaction with infant sex approached statistical significance.
When we repeated our analysis of risk associated with primary hypertension at 15-24 years of age in the subset of the population with information on maternal education (110 cases/12,157 controls), we found no evidence of confounding (data not shown). When we repeated the analysis among those with information on maternal prepregnancy weight (95 cases/10,628 controls) we observed modest evidence of confounding (range of % change in OR: 4-15 %; data not shown). For example, the OR associated with SGA increased from 1.40 to 1.51 and the corresponding OR for LGA decreased from 2.23 to 1.98.
In subanalyses to assess the potential impact of underascertainment of primary hypertension due to children moving out of Washington State prior to developing the 1987-1990, 1991-1994, 1995-1998, and 1999-2003) , maternal hypertensive disorder, and infant sex (1987-1990, 1991-1994, 1995-1998, and 1999-2003) , gestational age, maternal hypertensive disorder, and infant sex b ORs adjusted for maternal age, birth year (1987-1990, 1991-1994, 1995-1998, and 1999-2003) , maternal hypertensive disorder, and infant sex condition, we did not find evidence of an appreciable impact of this potential bias. The ORs for primary hypertension at 15-24 years of age were not meaningfully different when we excluded subjects whose parent(s) had a military occupation or whose mother was \18 years of age (247 LGA. Finally, when we repeated our analyses of risk of primary hypertension at 15-24 years of age in the subset of subjects born at term (37 to\42 weeks) to a mother without diabetes or hypertension during her pregnancy (194 cases/15,884 controls), our results were generally unchanged (data not shown). For example, the ORs associated with hypertension risk at 15-24 years of age were 1.52 (95 % CI 1.01-2.29) for infants born SGA, and 1.73 (95 % CI 1.14-2.63) for infants born LGA. The exception was a slightly increased OR associated with birth weight \2500 g (OR 2.22; 95 % CI 0.87-5.70). The OR associated with birth weight C4000 g was 1.53 (95 % CI 1.01-2.31).
Discussion
In this large population-based case control study, we observed an increased risk of hospitalization with primary hypertension in children and young adults born SGA or LGA. These associations were due to an increased risk at 15-24 years of age; no associations were observed with risk at 8-14 years of age.
There are several limitations to this study. Blood pressure measures were not available. Instead, in this population-based vital records study, we had to rely on ascertainment of primary hypertension using hospital discharge data. Children with undiagnosed hypertension or who were treated only as outpatients would have been missed. Consequently, our results may be applicable to risk of more severe primary hypertension only. We also lacked information on hospitalizations that may have occurred outside of Washington State. If the misclassification of cases was unrelated to birth weight we would expect our risk estimates to be attenuated, otherwise our ORs may be over-or underestimates of the true association. In sensitivity analyses we found little evidence for this potential source of bias. The ORs for risk of hypertension at 15-18 years were similar to those for risk at 15-24 years of age, and the estimates were generally similar when we restricted to subjects with non-military parents and whose mother was at least 18 years old.
Another limitation is potential misclassification of secondary hypertension as primary hypertension in the hospital discharge data, which could occur even though distinct ICD-9 codes exist for each condition. Such misclassification would likely be non-differential and bias our risk estimates toward the null. Any such misclassification may have had a greater impact on our estimates of risk associated with primary hypertension at 8-14 years of age as secondary hypertension is more common in this age group [9, 30] .
We were also limited in our ability to assess and adjust for some potential confounders as a result of missing data. Data on maternal education, a proxy for socioeconomic 1987-1989, 1990-1992, and 1993-1996) , gestational age, maternal hypertensive disorder, and infant sex b ORs adjusted for maternal age, birth year (1987-1989, 1990-1992, and 1993-1996) , maternal hypertensive disorder, and infant sex status, and prepregnancy weight, a proxy for body mass index (BMI), were available for children born since 1992 only. In subanalyses, we did not find evidence for confounding by maternal education, but we observed evidence of modest confounding by prepregnancy weight. Maternal BMI could be a stronger confounder than maternal prepregnancy weight. However, maternal BMI information was not available until 2003, the final birth year of this study population. We were also limited in our ability to ascertain severity of maternal hypertension and diabetes. However, residual confounding, if present, may have been modest, as our findings were generally unchanged in a subanalysis restricted to subjects born at term to mothers without hypertension or diabetes. Numerous studies evaluating the association between birth weight and systolic blood pressure in children have reported inverse associations, typically, a 2-3 mmHg lower systolic blood pressure per 1 kilogram increase in birth weight [13] . Unlike the present analyses, most of these studies adjusted for the child's current weight [6, 13] , a variable that may be in a potential causal pathway between birth weight and hypertension [12, 28] . Our goal was to examine the association between birth weight and hypertension risk in children and young adults through whichever means birth weight may be acting to lead to hypertension, including possibly predisposing to a higher BMI in childhood.
An additional reason why it is difficult to directly compare our results to earlier studies is that in most prior studies, the outcome was systolic blood pressure modeled as a continuous variable [6, 13] , whereas we report risk of hospitalization with primary hypertension (yes/no). The U.S. Collaborative Perinatal Project cohort study, with 7 years of offspring follow-up for approximately 30,000 pregnant women who received care at 12 U.S. medical centers, reported unadjusted ORs of hypertension (yes/no) at 7 years of age associated with birth weight [10] . The OR for hypertension was 1.06 (95 % CI: 0.98-1.14) per kilogram increase in birth weight when hypertension was defined as systolic blood pressure [90th percentile in the study population, and the corresponding OR was 1.11 (95 % CI 1.03-1.21) when hypertension was defined as diastolic blood pressure [90th percentile of the study population [10] . A strength of our analyses is that birth weight and birth weight for gestational age were not modeled under the constraint of a linear relation with risk, which permitted detection of a possible U-shaped association.
Some studies of the relation between birth weight and hypertension or cardiovascular disease in adults have observed a U-shaped association [1, 22] ; however most have found an increased risk associated with low birth weight only [19] . Biologic mechanisms proposed to explain a possible association between low birth weight and hypertension include decreased fetal growth leading to alterations in the vascular system (e.g. increased aortic stiffness) [6, 20] , and kidneys [11] . An association between low birth weight and reduced nephron number has been observed based on autopsy findings of adults and children without known kidney disease [11] . Pathways to alterations in the vascular system or reduced nephron numbers may include impaired endothelium-dependent vasodilation, excess fetal exposure to maternal glucocorticoids, and epigenetic changes during fetal life [21] . Another consideration is that women who deliver low birth weight or SGA infants have been shown to be at increased risk of developing hypertension [31] and cardiovascular disease [3, 23] later in life, which suggests that delivering a low birth weight or SGA infant may be a sign of a woman's genetic predisposition to hypertension, which is then inherited by her offspring. High birth weight may increase risk of obesity [7, 18] and insulin resistance [5, 16] in childhoodconditions which may predispose to hypertension [4, 8, 17] . In the present analysis we did not observe an association with hospitalization risk at B14 years of age. One possible explanation is that any relevant biological processes which start in utero may take many years to ultimately result in hypertension.
In conclusion, we observed an increased risk of hospitalization with primary hypertension in children and young adults associated with both SGA and LGA. These associations were due to an increased risk of primary hypertension at 15-24 years of age; no association was observed with risk at 8-14 years of age. This study suggests that any relation between birth weight for gestational age and hypertension risk in adolescents and young adults may be nonlinear whereby infants on both ends of the spectrum may be at increased risk.
